Abstract: Centralized and decentralized procedures to assess the impacts of water demand management on a water system and its users are investigated and compared. Within the centralized approach, a system-wide optimization technique is firstly utilized to estimate the overall optimal net benefits when the water demand management initiatives are implemented. Cooperative game-theoretic methods are used to fairly redistribute the additional net benefits. In terms of the decentralized perspective, an agent-based modelling framework is adopted to permit each user to make independent decisions on whether to conserve water or consume extra water and how much to conserve or consume by solving individual optimization problems. For comparison purposes, both the centralized and decentralized approaches are applied to a case study reflecting an actual situation in the South Saskatchewan River basin in Alberta, Canada. Both methods provide positive incentives to encourage users to conserve water while maintaining at least the same level of economic benefits such that system-wide productivity is improved. Moreover, the study demonstrates that the centralized method produces greater overall net benefits, but the users may be less motivated to participate.
Introduction
Water is a paradox: scarce but often wasted. The supply of water is limited but the demand for water is increasing rapidly. The imbalance between water supply and demand is expected to greatly expand as water demand inexorably increases. Water scarcity has been a critical issue for many regions and has caused numerous water conflicts. Meanwhile, the value of water itself and the many services it provides have not been fully recognized and water has been utilized inefficiently in many places. An improvement in water use efficiency and productivity is widely considered to be the best solution to ensure that future water demand does not exceed water availability, and this requires special attention to the demand side [1] [2] [3] [4] [5] [6] .
The implementation of water demand management (WDM) has a myriad of benefits. For instance, it can defer or even eliminate the construction of new water supply infrastructure, which can be costly. It can improve the social welfare obtained from water utilization by promoting water use efficiency. It can enhance public awareness of the value of water through public participation. It can increase the resilience of human society and ecosystems by reducing water shortage risks. It can support the sustainable development of water resources. However, there are also many barriers hindering
Water Demand Management Problem Statement
WDM aims to promote efficient and productive water use and mainly focuses on consumptive uses. It is argued that the ultimate objective of water utilization is to provide products and services to our society [17] . To operationalize wise WDM, one can consider water productivity (WP) as one of the main indicators of efficient use of water. Then, a generalized WDM problem can be expressed as the problem of measuring how much WP can be improved.
Modelling Perspectives
Water productivity (WP) is defined as the ratio of benefits gained from water utilization to the amount of water used to produce those benefits [18, 19] , as expressed by:
WP =
Net bene f its gained f rom water use Water input . Based on the expression of WP in Equation (1) , an improvement in water productivity can be achieved in two respects: (1) by increasing benefits produced from water utilization given a certain amount of available water; and (2) by decreasing water input subject to achieving benefits not less than the current ones. These two respects correspond to two modelling principles: increasing benefits produced from water utilization given a certain amount of available water implies maximizing benefits as the main objective subject to constraints on water availability; and decreasing water input subject to achieving benefits not less than the current ones implies minimizing water consumption as the primary target subject to physical requirements and benefit goals constraints. The principle of maximizing benefits as the main objective subject to constraints on water availability is studied in this paper from both centralized and decentralized perspectives.
As mentioned in the Section 1 and illustrated in Table 1 , the centralized approach is a top-down management process that searches for a system-wide optimal outcome. It assumes that there exists a "central unit", such as a watershed manager, who makes decisions for all users and all users willingly obey the "central unit". The "central unit" also has all of the necessary information needed to make the best decisions. Overall, it considers the WDM problem from a manager's viewpoint. It possesses many advantages, including: it is economically efficient for the entire system but a proper redistribution of benefits is required to encourage individual users to perform actions; and it is effective for solving simple problems. However, when a problem is complex and involves a large number of variables and nonlinear relationships, it may become difficult to solve using the centralized approach [20, 21] . Moreover, it ignores the acceptance level of an individual user, which sometimes may trigger further conflicts. Public participation has an increasingly important role to play in the implementation of WDM. Historically, the centralized approach has been used for solving resource and environmental problems. Concerns regarding this approach, such as high costs and low compliance levels, have been reported [22] . Reducing these burdens would encourage water transfer activities and improve the system's performance [23] . Consequently, alternatives to traditional "command-and-control" methods, such as decentralized methods, have attracted great attention due to their flexibility, adaptability, and high participation [22, 24] . The decentralized approach is considered to be a bottom-up management procedure, and can partially overcome several disadvantages of the centralized approach. For instance, it follows an individual-driven modelling process in which decisions are made by each individual user, and are thereby much more acceptable to users. Moreover, a complex problem can be decomposed into many simpler problems that can be more easily solved. Certainly, the decentralized approach has disadvantages, such as being less efficient. In addition, it needs a proper and effective information exchange mechanism so that each user can update his or her decision according to new information from other users or the system. Without this mechanism, it is very likely that all individual objectives cannot be achieved simultaneously. Therefore, a coordination process can assist the decentralized approach to reduce imbalance over individual objectives.
Model Objectives
In a water system, such as a basin, there are typically many different types of water uses, such as agricultural production, urban development, and environmental flow requirements. Moreover, there are various kinds of physical hydrological infrastructure, such as reservoirs, dams, rivers, and canals, that assist in operationalizing the system. To mathematically model a WDM problem, assume that a basin is represented by an abstract node-link network G (K, L), where K = {k 1 , k 2 , . . . , k m } denotes a set of nodes standing for an array of physical hydrological infrastructure, such as reservoirs or demand sites, and the connections between two nodes k 1 and k 2 by water conduits can be expressed by a set of links L = {(k 1 , k 2 ): k 1 , k 2 ∈ K and k 1 = k 2 } [25] . The overall planning period is defined as T = {1, 2, . . . , t}. Let Q k 1 ,k 2 ,t be the water quantity from node k 1 to k 2 during time period t.
In this paper, the case with a given volume of available water is considered, for which the problem of maximizing the water productivity (WP) is equivalent to maximizing the benefits produced from water utilization. From a centralized perspective, a system-wide optimization of the overall benefits can be formulated as: max
where B k,t is an estimation of the benefits produced from water utilization by demand node k during time period t, and C k,t refers to the cost of supplying water to node k during time period t. The sum of benefits (B k,t ) minus the sum of costs (C k,t ) of all nodes over all planning periods stands for the system-wide overall net benefits. h(Q) = 0 and g(Q) ≥ 0 refer to the equality and inequality constraints for the problem, respectively, for which examples can be seen in Equations (6)- (9) . The symbol of Ω represents the feasible solution space of the optimization problem subject to hydrologic and economic constraints. From a decentralized perspective, the objective is to maximize each user's net benefits rather than the system-wide net benefits. Therefore, an individual optimization problem for each user can be expressed as: max
where the objective function is the sum of the estimated individual net benefits produced from the water utilization for node k over all planning periods. h k (Q) = 0 and g k (Q) ≥ 0 refer to the equality and inequality local constraints for the problem for node k, respectively. It can be seen that both formulations attempt to find the maximum benefits from water utilization, but the centralized optimization formulation considers system-wide overall benefits and the decentralized optimization formulation considers individual benefits. Moreover, the decentralized optimization formulation only considers local constraints for a particular user. Equity is a key criterion and one of the most difficult challenges in addressing social problems because different people have varying interpretations of equity and sometimes conflicting understandings. There are various ways to take equity considerations into account. In this work, an initial allocation is determined by using a method proposed by Wang et al. [25] based on the principles of "monotonicity" and "priority", which are two key considerations of equity when formulating optimization problems. Moreover, equity issues are inherently considered within the various solution concepts used in cooperative game-theoretic approaches. Another alternative to account for equity is to incorporate it into the constraint set of an optimization model, which has been done in a number of studies [26] [27] [28] [29] .
Centralized Approach
As mentioned in the Section 1, the centralized approach firstly estimates the maximum overall net benefits of the system with the implementation of a WDM plan, and the essential part is to estimate the capability of each user to produce net benefits with a certain volume of water. Then, additional net benefits are fairly distributed among users by using a modified cooperative reallocation game such that no one will receive less net benefits. With several cooperative solutions, a Nash bargaining process is executed to find a feasible and acceptable final resolution of the distribution of additional net benefits. For simplicity, many physical nodes, such as inflow, outflow, and junction nodes, would not produce any benefits and thus can be exempted from the estimation, and a new set of nodes with economical capability, also called the set of stakeholders, can be defined as N = {1, 2, . . . , i, . . . , n}.
System-Wide Maximum Net Benefits
The estimation of net benefits functions should take into account the diverse characteristics of different use types, and can be expressed in various forms. For example, for an agricultural (AGR) user, its net benefits function is represented by a quadratic function, while the net benefits function for municipal and industrial (MI) users can be derived from a water-price-demand function having a constant price elasticity and choke price. More specifically, the quadratic net benefits function for agricultural users is formulated as:
where b 0 i,t , b 1 i,t , and b 2 i,t represent coefficients derived from a regression model using historical data, and wc i,t is the cost of water diverted to user i, including water treatment, water distribution, and wastewater treatment costs.
For municipal and industrial (MI) users, an inverse price-demand function with a constant price elasticity, choke price, and efficiency improvement is written as [30] :
where P i,t refers to the price of willingness to pay to retrieve water for user i during time period t. α i,t is a scale parameter for the water-price-demand function (α i,t > 0), and β i,t is the price elasticity for user i during period t (β i,t < 0). The parameter ρ represents the level of efficiency improvement as a result of the implementation of a WDM plan. P 0 i,t and Q 0 i,t stand for the choke price and the choke quantity, respectively, for user i during period t. A "choke price" is the price beyond which water users may not be willing to pay a higher price and may seek alternative sources [31] .
A set of hydrological constraints and policy restrictions have to be taken into account in the optimization. Hydrological constraints mainly consist of water balance equations and capacity limits. Water balance equations are used to describe the flow of water in and out of a system [32] , for which a general form of water balance equation for each node during each period can be written as:
where S k, t is the storage volume for storage node (reservoir or aquifer) k at the end of period t, and is equal to zero for non-storage nodes; Q k 1 ,k,t means the water flow from node k 1 to k during period t while Q k,k 2 ,t is the outflow from node k to k 2 ; Q l k 1 ,k,t stands for the water loss during transportation, due to evaporation, leakage, or seepage from node k 1 to k during period t; Q a k,t represents the water adjustments at node k during period t as a result of local small tributaries; and Q c k,t is used to denote the water consumed at node k during period t that is needed for economic activities. This equation can be modified appropriately based on the specific type of node it is describing. For example, for non-storage nodes S is equal to zero, and for non-consumptive nodes, Q c can be omitted.
Each link has a maximum capacity. Therefore, a capacity constraint can be written as:
How much water can be diverted to a water user is restricted not only by the maximum demand of that use but also by the capacity limit of conduits for diverting water to that user. Therefore, a constraint for a diversion limit is expressed as:
where Q D k,t represents the maximum demand of node k during period t; and Q max k 1 ,k,t indicates the maximum capacity of a conduit that is used to divert water to node k during period t. The smaller value of these two is the amount of water that can be diverted to that node.
There are some policy restrictions due to social-economic considerations. For example, there is normally a minimum flow requirement for links for the sake of environmental conservation, which can be shown as:
Modified Cooperative Reallocation
Cooperative game-theoretic approaches are widely used for sharing the additional benefits collectively produced by a group of users [33] . Consider the set of nodes with economical capability N = {1, 2, . . . , i, . . . , n}, and let S denote a coalition containing a group of users working cooperatively. Each individual user can be considered as a coalition having the individual user only, while the grand coalition contains all users. In fact, the overall net benefits of every coalition can be estimated by solving the optimization problem given in Equation (2) with additional constraints to restrict water transfer among users within the coalition, while users not within the coalition will retain their initial level of water allocation.
Assume a cooperative game (N, v) for reallocation of additional net benefits, in which N is the set of stakeholders and v is the characteristic function on N. Let v(S) represent the optimal estimated net benefits for coalition S through internal cooperation obtained from solving the optimization problem, for which v(S) can be expressed as:
Let a vector x = (x 1 , x 2 , . . . , x i ) denote a solution to the cooperative game that describes the net benefits reallocated to each stakeholder, for which the term of x i − v({i}) stands for the additional net benefits that stakeholder i can receive from participating in a coalition, also called the participation value. A solution x must satisfy the following three conditions [34, 35] 
Individual rationality :
Group rationality :
Joint efficiency :
With the implementation of a WDM plan, especially the efficiency improvement incurred by the WDM plan, the overall net benefits for the grand coalition are updated to v(N). Then, the third condition of joint efficiency can be modified to:
Various solution concepts can be used for solving the modified cooperative game, such as the nucleolus and its variations [34, 36, 37] and the Shapley value [38] . Consequently, the fair distribution of additional net benefits to each stakeholder and its participation value can be obtained. However, each solution concept considers fairness in different ways and produces different results [39, 40] . Some stakeholders may prefer one solution over another, while other stakeholders may disagree. To solve this problem, a further negotiation process is proposed.
Negotiation Process over Cooperative Solutions
The Nash bargaining approach [41, 42] is a simple but classic method for sharing utilities, in which players take turns to propose a new utility sharing offer until all players agree or disagree with the offer. The offer that all players accept is an optimal solution for the bargaining problem. In a Nash bargaining model for n players over cooperative solutions, let u i be the utility share of player i, and the notation d i stands for player i's utility at the disagreement point. Assume that there are m solution concepts contained in the set M = {1, 2, . . . , j, . . . , m}.
The Nash bargaining solution is the unique solution determined using the following optimization problem:
where the first equality equation implies that the sum of utility shares among all players should be equal to the total sharable utility represented by NB A . The second and third inequalities mean that player i's utility share should be no less than its utility at the disagreement point denoted by d i , which is calculated by the minimum value player i can obtain from all solutions, but no more than its maximum utility expressed by g i , which is represented by the maximum value player i can obtain from all solutions. The last two equations provide the formulations to calculate d i and g i , respectively.
Decentralized Approach
In terms of the decentralized approach, an agent-based modelling framework is adapted in which a decentralized optimization is proposed for every stakeholder. It is assumed that each stakeholder controls his or her own strategy regarding whether or not to conserve water or consume more water based on her initial allocation of water in order to achieve a better economic return. A positive incentive is given to water conservers to encourage them to implement WDM strategies, whereby this incentive should more than cover the benefit loss from less water consumption. Moreover, a coordination procedure is carried out to minimize the imbalance among various individual objectives.
Agent-Based Structure
An agent-based model typically contains four main components [43, 44] : (a) a set of agents for which each agent has distinguishable attributes; (b) an environment in which agents can interact with both it and other agents; (c) methods that control how agents update their attributes; and (d) an interaction mechanism that describes when, how, and with whom agents interact.
Consider the set of stakeholders N, within which a stakeholder has an economic capability, and can be viewed as a general agent having two attributes: (1) level of water consumption; and (2) level of net benefits represented by net benefits functions [45] . An agent's decision rules can be described as follows: (a) the agent assesses the net benefits gained from water utilization and the potential compensation or cost value according to a given value of a parameter (p i,t ) received from a coordinator; (b) if the compensation value is greater than the net benefit losses, the agent chooses to conserve water; if the net benefits produced from extra water consumption are more than enough to cover the cost value, then the agent selects to consume more water; otherwise, it retains its initial level of water allocation; (c) the agent decides how much water to conserve or consume by solving an individual optimization problem in which the objective is to maximize its own economic return as expressed in Equation (3). However, its estimation of net benefits should be modified to include the potential incentive values (I NC i,t ), which are calculated as:
where p i,t reflects the benefit or cost per unit of water conserved or consumed, respectively, for agent i during time period t; and Q ini i,t refers to the initial level of water allocation by agent i during time period t. It can be seen that when the level of water consumption (Q i,t ) is less than the initial level (Q ini i,t ), the incentive value is positive, and when Q i,t > Q ini i,t , the incentive value is negative and indicates a cost. Therefore, the objective function is modified as:
where the estimation of benefits and costs for each agent is identical to the functions given in Equations (4) and (5).
In addition to the general agents, there are also two other types of agents in this model. One is ecosystem agents and the other is coordinator agents. Ecosystem agents have the attribute of level of water consumption, and they only reactively respond to the actions of general agents. Coordinator agents have two attributes: (1) overall net benefits; and (2) total imbalance value. The overall net benefits are estimated as the sum of the economic returns of all individuals, for which larger is better. The total imbalance value is calculated by summing all of the agents' incentive values, where less is better. For each given value of a parameter (p i,t ), the coordinator agent would monitor the level of water consumption and net benefits of individual agents and calculate the system-wide overall net benefits and total imbalance values, then update the value of the parameter until the system-wide net benefits cannot be improved and the total imbalance value cannot be decreased.
The constraints for each optimization problem are similar to the constraints given in Equations (6)-(9). However, only constraints related to a particular agent are used to construct the solution space for that agent. For instance, the water balance constraints given in Equation (6) for an agent at one tributary would not be included in the optimization problem for another agent at a separate tributary if these two agents have no direct connection.
Coordination Procedure
A set of agents, their attributes, and methods to update their attributes are described in the previous section. The interaction mechanism, through a coordination procedure, is explained in this section. Interactions can take place in a direct or an indirect manner, in which direct interaction indicates information exchange and associated bargaining among agents, while indirect interaction means that a third party, such as a water manager or agency, is involved in the information exchange process as a coordinator.
The coordination procedure starts by checking the satisfaction ratio of the initial level of water allocation by dividing the water allocation by the water demand for each agent. If the initial levels of allocation are already enough for all agents, then there is sufficient water for all and no one requires extra water. If not, then each agent makes decisions individually on whether to conserve water or consume more water and how much to conserve or consume by solving its own optimization problem with a given value of parameter p i,t . Next, the coordinator evaluates the overall net benefits, the total imbalance value, and the net benefits increment related to the results in the previous iteration. When the net benefits increment is larger than a threshold, such as one thousandth of the overall net benefits, it means that the overall net benefits can still be improved, and hence the value of the parameter p i,t is updated and another iteration of individual optimization is carried out until the overall net benefits cannot be further improved. If the overall net benefits start to decrease after a certain point, then the coordination procedure is immediately terminated. Otherwise, the procedure continues until the minimum total imbalance value is found, provided that the overall net benefits remain constant. After the above two termination criteria are satisfied and the coordination procedure is stopped, the results of water consumption, net benefits, and incentive values for each agent can be determined and analyzed.
Case Study and Results
In this section, both the centralized and decentralized approaches described in the previous sections are applied to a case study to investigate the impacts of WDM on a water system and its users. Moreover, the bargaining resolution obtained from using the centralized approach and the decentralized outcome are compared in terms of the overall net benefits, individual net benefits, and levels of water consumption.
Case Study Description
The South Saskatchewan River basin (SSRB) is located in southern Alberta, Canada. More than half of the province's population inhabits the SSRB. The demand for water is very high but water supply is limited. The main source of supply is surface water provided by snowmelt from the Rocky Mountains. The need for more agricultural production and industrial products and increasing awareness about environmental protection have caused intense competition for the limited supply of water. As major water users in the region, agricultural users possess about 75% of the licensed water, since the SSRB has a priority-based water rights system in which the principle of "first in time, first in right" is followed. Therefore, earlier licenses are granted priority over licenses issued at a later date, and in some areas new license applications are no longer approved. It is very important to encourage agricultural users to improve their water use efficiency and conserve water for transfer to other municipal and industrial users. Certainly, compensation should be given to them so that they will benefit from conservation.
The SSRB case is simplified into a node-link network, displayed in Figure 1 , in which most typical users are considered. Specifically, the network consists of two agricultural (A1 and A2), domestic (D1 and D2), industrial (I1 and I2), general (G1 and G2), inflow (IN1 and IN2), reservoir (R1 and R2), instream flow requirement (S1 and S2), and junction (J1 and J2) nodes, and one outlet (O1) node. Among all users, the agricultural, domestic, industrial, and general users have economic capabilities and hence can produce benefits. Domestic use represents water consumption for residential purposes, while general use means water required for commercial, institutional, and public service facilities. The inflow data of a typical drought year is used for this case. The total annual water supply is about 322 million cubic meters (m 3 ), while the total annual water demand is above 1225 million m 3 , in which more than half of the demand comes from agriculture (693 million m 3 ), which is required during May to September (the crop-growing season). There are initial storage volumes of 163 and 317 million m 3 at the two reservoirs R1 and R2, respectively. residential purposes, while general use means water required for commercial, institutional, and public service facilities. The inflow data of a typical drought year is used for this case. The total annual water supply is about 322 million cubic meters (m 3 ), while the total annual water demand is above 1225 million m 3 , in which more than half of the demand comes from agriculture (693 million m 3 ), which is required during May to September (the crop-growing season). There are initial storage volumes of 163 and 317 million m 3 at the two reservoirs R1 and R2, respectively. It should be noted that an initial allocation process is carried out by using a priority-based method, proposed by Wang et al. [25] , according to the actual situation in the study area for which a priority-based water rights system is in place. The initial allocation results reflect how much water is rightfully under one's control under the existing legal systems and agreements. Based on the initial allocation, under the centralized approach water transfers among users are performed to achieve the optimal overall net benefits, and within the decentralized method each user makes decisions on whether to conserve water or consume extra water in order to maximize its own net benefits.
Consider a series of modelling scenarios for WDM strategies. Specifically, a set of conservation limits is specified to describe the maximum amount of water that a user can conserve from its initial allocation because of either technological limitations or social restrictions. Both centralized and decentralized approaches are carried out under several scenarios with different percentages, such as 10%, 20%, and 30%, of the initial level of water allocation. A baseline case indicates that all users can conserve 0% of their initial level of water allocation, which, in other words, means no conservation. It should be noted that an initial allocation process is carried out by using a priority-based method, proposed by Wang et al. [25] , according to the actual situation in the study area for which a priority-based water rights system is in place. The initial allocation results reflect how much water is rightfully under one's control under the existing legal systems and agreements. Based on the initial allocation, under the centralized approach water transfers among users are performed to achieve the optimal overall net benefits, and within the decentralized method each user makes decisions on whether to conserve water or consume extra water in order to maximize its own net benefits.
Consider a series of modelling scenarios for WDM strategies. Specifically, a set of conservation limits is specified to describe the maximum amount of water that a user can conserve from its initial allocation because of either technological limitations or social restrictions. Both centralized and decentralized approaches are carried out under several scenarios with different percentages, such as 10%, 20%, and 30%, of the initial level of water allocation. A baseline case indicates that all users can conserve 0% of their initial level of water allocation, which, in other words, means no conservation.
Results, Comparisons, and Discussion
The total net benefits of the basin, as presented in Figure 2 , are determined by solving the system-wide optimization problem in the centralized approach (Section 3) and the individual optimization problem in the decentralized procedure (Section 4). As can be seen from the figure, under the baseline case, without conservation and cooperation, the total net benefits are about 800 million dollars; with cooperation, they can reach about 915 million dollars. Along with the increase in the level of conservation, more net benefits can be produced, as demonstrated by both the centralized and decentralized approaches. Moreover, under each scenario at the same level of conservation, the total net benefits estimated by the centralized approach are always larger than those estimated by the decentralized procedure. This observation indicates that the centralized approach performs better than the decentralized approach with respect to economic efficiency. However, the difference between the total net benefits obtained by these two approaches reduces as the level of conservation increases, which suggests that the decentralized approach can also be quite efficient, if not as efficient as the centralized one, with a wider solution space (for example, a larger conservation limit in this case). This finding suggests that a policy-maker may wish to impose the smallest number of restrictions possible, or only the necessary restrictions, on individuals in order to achieve better economic outcomes. Alternatively, the policy-maker may also wish to extensively investigate the impact of each additional restriction on individuals and the system as a whole before imposing it.
increases, which suggests that the decentralized approach can also be quite efficient, if not as efficient as the centralized one, with a wider solution space (for example, a larger conservation limit in this case). This finding suggests that a policy-maker may wish to impose the smallest number of restrictions possible, or only the necessary restrictions, on individuals in order to achieve better economic outcomes. Alternatively, the policy-maker may also wish to extensively investigate the impact of each additional restriction on individuals and the system as a whole before imposing it. From the perspective of water consumption, the changes in water consumption of each user group under scenarios having different levels of conservation from the centralized approach are shown in Figure 3a , while the changes from the decentralized procedure are displayed in Figure  3Error ! Reference source not found.b. As can be seen from Figure 3 , the results from both the centralized and decentralized approaches indicate that water is transferred from agricultural to city users. Specifically, within Figure 3a, user A2 reduces its level of water consumption along with the increase in the level of conservation, while user City 2's level of water consumption goes up hand-inhand with the level of conservation. The water consumption of users A1 and City 1 is relatively stable in response to the change in the level of conservation. Therefore, it can be concluded that the conserved water from A2 is consumed by City 2 as A2 is located upstream within the same tributary. From Figure3b, it can clearly be seen that A1 and A2's conserved water is utilized by City 1 and City 2, respectively. It should be mentioned that the levels of water consumption under the baseline scenario from the centralized approach are those having cooperation among all users but without conservation, while those from the decentralized approach constitute the initial allocation without From the perspective of water consumption, the changes in water consumption of each user group under scenarios having different levels of conservation from the centralized approach are shown in Figure 3a , while the changes from the decentralized procedure are displayed in Figure 3b . As can be seen from Figure 3 , the results from both the centralized and decentralized approaches indicate that water is transferred from agricultural to city users. Specifically, within Figure 3a, user A2 reduces its level of water consumption along with the increase in the level of conservation, while user City 2's level of water consumption goes up hand-in-hand with the level of conservation. The water consumption of users A1 and City 1 is relatively stable in response to the change in the level of conservation. Therefore, it can be concluded that the conserved water from A2 is consumed by City 2 as A2 is located upstream within the same tributary. From Figure 3b , it can clearly be seen that A1 and A2's conserved water is utilized by City 1 and City 2, respectively. It should be mentioned that the levels of water consumption under the baseline scenario from the centralized approach are those having cooperation among all users but without conservation, while those from the decentralized approach constitute the initial allocation without conservation. Hence, there already exists a considerable number of water transfers among users under the baseline scenario from the centralized approach and more than 90% of City 1's demand is already satisfied. This is one of the reasons why A1 and City 1's consumption levels are insensitive to the changes in the level of conservation in Figure 3a . conservation. Hence, there already exists a considerable number of water transfers among users under the baseline scenario from the centralized approach and more than 90% of City 1's demand is already satisfied. This is one of the reasons why A1 and City 1's consumption levels are insensitive to the changes in the level of conservation in Figure 3a .
(a) (b) In terms of the additional net benefits (participation values) shared by users under various solution concepts in the modified cooperative reallocation game, Figure 4 presents the results of the Shapley value and normalized nucleolus solution concepts under scenarios with different levels of conservation. It can be commonly observed that the participation value for each user is higher with a greater level of conservation under both solution concepts. However, there is a big difference in the In terms of the additional net benefits (participation values) shared by users under various solution concepts in the modified cooperative reallocation game, Figure 4 presents the results of the Shapley value and normalized nucleolus solution concepts under scenarios with different levels of conservation. It can be commonly observed that the participation value for each user is higher with a greater level of conservation under both solution concepts. However, there is a big difference in the distribution of participation values among users between solution concepts. Specifically, City 2 can expect many more additional net benefits with the solution concept of normalized nucleolus, while the results of the Shapley value are much more preferred by user A2. Therefore, A2 may threaten to leave a coalition if the normalized nucleolus solution is employed. A bargaining process could be helpful to find a feasible and acceptable resolution for all of the users. In terms of the additional net benefits (participation values) shared by users under various solution concepts in the modified cooperative reallocation game, Figure 4 presents the results of the Shapley value and normalized nucleolus solution concepts under scenarios with different levels of conservation. It can be commonly observed that the participation value for each user is higher with a greater level of conservation under both solution concepts. However, there is a big difference in the distribution of participation values among users between solution concepts. Specifically, City 2 can expect many more additional net benefits with the solution concept of normalized nucleolus, while the results of the Shapley value are much more preferred by user A2. Therefore, A2 may threaten to leave a coalition if the normalized nucleolus solution is employed. A bargaining process could be helpful to find a feasible and acceptable resolution for all of the users. Consider a bargaining problem having a 20% conservation level. As can be seen in Figure 2 , from the system-wide optimization with a 20% conservation level, the total net benefits are 996 million dollars in comparison to the total net benefits in the baseline scenario for which 800 million dollars are obtained. Hence, there are 196 million dollars of additional net benefits that are shared across the four users, and this is also the total amount of sharable utilities under the Nash bargaining model. Consider a bargaining problem having a 20% conservation level. As can be seen in Figure 2 , from the system-wide optimization with a 20% conservation level, the total net benefits are 996 million dollars in comparison to the total net benefits in the baseline scenario for which 800 million dollars are obtained. Hence, there are 196 million dollars of additional net benefits that are shared across the four users, and this is also the total amount of sharable utilities under the Nash bargaining model. Figure 5 shows the solutions obtained from five cooperative solution concepts as well as the bargaining results indicated by the far-right bar of the figure above each user. As can be seen from the figure, the distribution of participation value for a user can be hugely different under various solution concepts. Specifically, user A1 can obtain 36.30 million dollars from the solution concept of nucleolus, but only 0.44 million dollars from the concepts of proportional nucleolus and normalized nucleolus. With the Nash bargaining process, 32.95 million dollars are expected for user A1. It is also interesting to notice that among all users, most of them can expect a value between the minimum and maximum shares among the five cooperative solutions after the bargaining process. However, user City 1's expected net benefits are equal to those from the proportional nucleolus solution (62.99 million dollars), which is the maximum share among the five cooperative solutions.
The participation values for each user are positive with both the centralized and decentralized approaches, as can be seen in Figure 6 . However, the participation values for the decentralized approach are also generally less than those with the centralized approach, except for City 2, as shown in numbers in Table 2 . It is likely that City 2 has a strong economic capability and can thus generate significantly more extra net benefits by consuming extra water. All three of the other users could not expect as many net benefits in the decentralized approach as in the centralized one. One potential reason is that the total net benefits for the system under the decentralized approach are less than those for the centralized approach. As indicated by the far-right column in Table 2 , under the scenario of a 20% level of conservation, the difference in total net benefits between the two approaches is about 50 million dollars.
nucleolus. With the Nash bargaining process, 32.95 million dollars are expected for user A1. It is also interesting to notice that among all users, most of them can expect a value between the minimum and maximum shares among the five cooperative solutions after the bargaining process. However, user City 1's expected net benefits are equal to those from the proportional nucleolus solution (62.99 million dollars), which is the maximum share among the five cooperative solutions. The participation values for each user are positive with both the centralized and decentralized approaches, as can be seen in Figure 6 . However, the participation values for the decentralized approach are also generally less than those with the centralized approach, except for City 2, as shown in numbers in Table 2 . It is likely that City 2 has a strong economic capability and can thus generate significantly more extra net benefits by consuming extra water. All three of the other users could not expect as many net benefits in the decentralized approach as in the centralized one. One potential reason is that the total net benefits for the system under the decentralized approach are less than those for the centralized approach. As indicated by the far-right column in Table 2 , under the scenario of a 20% level of conservation, the difference in total net benefits between the two approaches is about 50 million dollars. The participation values for each user are positive with both the centralized and decentralized approaches, as can be seen in Figure 6 . However, the participation values for the decentralized approach are also generally less than those with the centralized approach, except for City 2, as shown in numbers in Table 2 . It is likely that City 2 has a strong economic capability and can thus generate significantly more extra net benefits by consuming extra water. All three of the other users could not expect as many net benefits in the decentralized approach as in the centralized one. One potential reason is that the total net benefits for the system under the decentralized approach are less than those for the centralized approach. As indicated by the far-right column in Table 2 , under the scenario of a 20% level of conservation, the difference in total net benefits between the two approaches is about 50 million dollars. 
Conclusions
People may not voluntarily adopt advanced water-saving technologies to improve their water use efficiency even if these technologies are already well-developed. Positive internal incentives can encourage them to adopt these technologies and change their water use behavior, especially for users in sectors having greater potential for water conservation. How much of an incentive users can expect is investigated in this paper from both the centralized and decentralized perspectives. The findings suggest that both centralized and decentralized approaches can provide a considerable positive incentive to every user participating in the initiatives, and the more they conserve, the greater their economic returns. The results also indicate that the centralized approach is generally superior to the decentralized one by providing greater total net benefits for the system as a whole and also greater net benefits for individual users. However, when a lower number of restrictions is imposed on individuals, the decentralized approach can also achieve better economic efficiency. This may remind policy-makers to carefully and extensively assess the potential impact of a particular regulation before it is introduced. Overall, this paper provides a systematic investigation on what incentives are required and how water users would respond to the incentives for WDM.
In a changing world, uncertainty is playing an increasing role in decision-making problems. The situation studied in this work is considered to be static. However, it can be extended to handle real-time situations by incorporating uncertainty into the model, or by simply running the model again while utilizing an updated set of parameters. This provides a worthwhile direction for future research.
